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Available online 8 October 2011Abstract The Mixl1 homeodomain protein plays a key role in mesendoderm patterning during embryogenesis, but its target
genes remain to be identified. We compared gene expression in differentiating heterozygous Mixl1GFP/w and homozygous null
Mixl1GFP/Hygro mouse embryonic stem cells to identify potential downstream transcriptional targets of Mixl1. Candidate Mixl1
regulated genes whose expression was reduced in GFP+ cells isolated from differentiating Mixl1GFP/Hygro embryoid bodies in-
cluded Pdgfrα and Flk1. Mixl1 bound to ATTA sequences located in the Pdgfrα and Flk1 promoters and chromatin immunopre-
cipitation assays confirmed Mixl1 occupancy of these promoters in vivo. Furthermore, Mixl1 transactivated the Pdgfrα and Flk1
promoters through ATTA sequences in a DNA binding dependent manner. These data support the hypothesis that Mixl1 directly
regulates Pdgfrα and Flk1 gene expression and strengthens the position of Mixl1 as a key regulator of mesendoderm develop-
ment during mammalian gastrulation.
© 2011 Elsevier B.V. All rights reserved.IntroductionThe mouse Mixl1 gene encodes a transcription factor belong-
ing to the Mix/Bix family of paired-like homeobox genes
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Mixl1 plays an important role in formation of the primitive
streak during gastrulation and the subsequent generation
of mesoderm and endoderm (Casey et al., 1999; Hart et
al., 2002; Kikuchi et al., 2000; Mead et al., 1996; Mohn et
al., 2003; Pearce and Evans, 1999; Robb et al., 2000; Rosa,
1989; Tada et al., 1998). Mixl1-null mouse embryos develop
an enlarged primitive streak and exhibit numerous meso-
derm and endoderm defects including aberrant somitogen-
esis, gut tube development and cardiogenesis, culminating
166 L.A. Pereira et al.in death by embryonic day 8.5 (Hart et al., 2002). In part,
abnormal gastrulation of Mixl1-null mouse embryos is precipi-
tated by the defective migration of presumptive endoderm
within the primitive streak (Tam et al., 2007), a phenotype
that adversely impacts upon the development of associated
mesodermal tissues. However, in vitro studies suggest that
mesoderm is also directly affected by the loss of this transcrip-
tion factor, with differentiating Mixl1-null embryonic stem
cells (ESCs) showing a reduced frequency of hematopoietic
progenitors (Ng et al., 2005).
These findings mirror those of earlier work conducted in
frogs and zebrafish, where Mix-related genes were implicated
in both mesoderm and endoderm development (Alexander et
al., 1999; Kikuchi et al., 2000; Latinkic and Smith, 1999;
Lemaire et al., 1998; Mead et al., 1996). Xenopus Mix.1 was
identified as an immediate early Activin response gene (Rosa,
1989) and subsequently as a mediator of bone morphogenetic
protein (BMP) 4 signaling (Mead et al., 1996). Experiments in
frogs showed that over-expression of a Mix.1-engrailed repres-
sor fusion protein interfered with endoderm development
while over-expression of Mix.1 in the ventral marginal zone
promoted the expansion of endoderm at the expense of dorsal
and ventral mesoderm differentiation (Lemaire et al., 1998).
In zebrafish, mutants in the Mix-related gene bonnie and
clyde (bon) exhibited reduced numbers of Xsox17+ endodermal
precursors and abnormal gut development (Kikuchi et al.,
2000). Similarly, overexpression of the zebrafish Mixer gene
(zMixer) up-regulated the expression of endoderm-associated
genes (Alexander et al., 1999; Kikuchi et al., 2000).
Recent work from our laboratory has highlighted the
functional conservation of Mix.1 homologues across verte-
brate evolution by showing that the enforced expression of
Mixl1 during ESC differentiation inhibited the formation of
hematopoietic mesoderm and promoted the appearance of
FoxA2+ E-Cadherin+ endoderm (Lim et al., 2009). These
studies also showed that Mixl1 transactivated reporter con-
structs driven by promoters from the endodermal associated
genes Gsc, Sox17 and E-Cadherin (Lim et al., 2009). DNA
binding studies demonstrated that, as predicated from stud-
ies in frogs, Mixl1 bound to consensus homeodomain target
sequences within the Gsc promoter (Latinkic and Smith,
1999; Lim et al., 2009; Zhang et al., 2009). Consistent with
these findings, RNAi-mediated knockdown experiments
showed that Mixl1 played a pivotal role in the formation of
endoderm during ESC differentiation (Izumi et al., 2007).
A role for Mix-related genes in mesoderm specification
has also been identified in frogs (Kofron et al., 2004;
Lemaire et al., 1998; Mead et al., 1996) and in mammals
(Davis et al., 2008; Hart et al., 2002; Ng et al., 2005; Tam
et al., 2007). These latter studies utilized mouse strains or
ESC lines in which the gene encoding green fluorescent pro-
tein (GFP) was targeted to one allele of the mouse Mixl1
locus (Mixl1GFP/w) or the human MIXL1 locus (MIXL1GFP/w),
enabling the identification and isolation of GFP+ (Mixl1+ or
MIXL1+) primitive streak-like populations (Davis et al.,
2008; Ng et al., 2005; Tam et al., 2007). Flow cytometric
sorting experiments demonstrated that the majority of
mouse ESC derived blast colony forming cells (BL-CFCs)
arose from a Mixl1+Flk+ population (Ng et al., 2005). Mixl1-
null ESCs, however, displayed hematopoietic defects char-
acterized by reduced and delayed Flk1 expression and a de-
crease in the frequency of BL-CFCs (Ng et al., 2005).Similarly, a primitive streak-like population defined by the
co-expression of MIXL1 and the platelet derived growth fac-
tor receptor α (PDGFRα) was enriched for BL-CFCs in differ-
entiating human ESCs (Davis et al., 2008).
The effect of Mixl1 over-expression on the emergence of
mesodermal precursors during mouse ESC differentiation has
also been examined. Using a doxycycline (DOX) inducible
Mixl1 transgene, Willey et al. showed that the ectopic induc-
tion ofMixl1 increased the frequency of hematopoietic precur-
sors observed in day 4 (d4) embryoid bodies (EBs) (Willey et al.,
2006). However, results from our laboratory suggest that the
relationship between Mixl1 and mesoderm may be more com-
plex. In our hands, constitutive Mixl1 expression suppressed
the frequency of hematopoietic colony forming cells (Lim et
al., 2009). Further studies, which clearly define the genes reg-
ulated by Mixl1 will clarify the mechanisms whereby this gene
regulates mesoderm and endoderm development.
Mixl1, like other Mix/Bix family members, is defined by a
highly conserved 60 amino acid DNA binding motif (the home-
odomain; HD) and functions as a transcriptional activator
(Latinkic and Smith, 1999; Lim et al., 2009; Mead et al.,
1996; Robb et al., 2000). Despite the wealth of information re-
garding the importance of Mixl1 during gastrulation, genes
that fall directly or indirectly under the control of Mixl1 during
this process remain to be identified. We address this issue by
using differentiating mouse ESCs as an experimental platform
to identify the potential downstream transcriptional targets
of Mixl1. We have compared gene expression profiles of differ-
entiating heterozygous Mixl1GFP/w and null Mixl1GFP/Hygro
ESCs, enabling the identification of a number of candidate tar-
get genes whose expression domains during gastrulation over-
lap with Mixl1 (Ataliotis et al., 1995; Kataoka et al., 1997;
McGrath et al., 1999; Takakura et al., 1997; Yusuf et al.,
2005). Three of these genes, Pdgfrα, Flk1 and Cxcr4, encode
cell surface receptors whose expression is reduced in Mixl1-
null cells. Furthermore, Mixl1 transactivates and binds the pro-
moters of Pdgfrα and Flk1, supporting the hypothesis that
Mixl1 directly regulates these genes. Our results provide new
insights into the influence of Mixl1 on the transcriptome of
mesendodermal cells, confirming the key position of Mixl1 as
a regulator of endoderm and mesoderm development in the
mammalian embryo.
Results
Generation of a Mixl1GFP/Hygro mouse embryonic
stem cell line
We previously described a Mixl1GFP/w ESC line in which se-
quences encoding GFP were targeted to one allele of Mixl1
such that GFP expression reported Mixl1 promoter activity
(Ng et al., 2005). In order to produce a matched Mixl1-null
ESC line containing a single copy of GFP at the Mixl1 locus,
we inserted a hygromycin resistance cassette into the wild
type Mixl1 allele of Mix1lGFP/w ESCs (Fig. 1A). Structural in-
tegrity of the targeted locus was verified by Southern blot
analysis and a normal karyotype was obtained (data not
shown). The absence of Mixl1 transcript and Mixl1 protein
in differentiating Mixl1GFP/Hygro ESCs was confirmed by RT-
PCR and western blot analysis (see Figs. S1 and S2A in the
Figure 1 Characterization of Mixl1GFP/w and Mixl1GFP/Hygro mouse ESC lines. (A) Schematic representation of the Mixl1 locus
depicting the heterozygous Mixl1GFP/w reporter ESC line in which GFP was inserted into exon 1 of one allele and the Mixl1GFP/Hygro
knockout ESC line in which a hygromycin (Hyg) resistance cassette was inserted into the second Mixl1 allele. (B) Timecourse of
GFP expression in differentiatingMixl1GFP/w and Mixl1GFP/Hygro ESCs. The percentages of cells expressing GFP are shown. (C) Schemat-
ic showing microarray analysis comparing differentiating Mixl1GFP/w and Mixl1GFP/Hygro ESCs harvested at the days indicated. Expres-
sion levels of transcripts present in the Mixl1GFP/Hygro ESCs were compared with those from the Mixl1GFP/w ESCs and the number of
probe sets and genes whose signal intensity had changed greater than 2-fold are shown (ΔProbe and ΔGene). The numbers of genes
whose expression increased (▴Gene) or decreased (▾Gene) are indicated.
167Identification of Mixl1 gene targetsSupplementary material). RT-PCR experiments also showed
that differentiating Mixl1GFP/w and Mixl1GFP/Hygro ESCs
down regulated markers of undifferentiated ESCs and
expressed developmental stage specific genes in a step-
wise manner as reported previously (see Fig. S2A in the Sup-
plementary material) (Ng et al., 2005). Over a 10-day differ-
entiation time course, the expression profile of GFP in
Mixl1GFP/Hygro ESCs closely mirrored that observed for
Mixl1GFP/w ESCs with the highest frequency of GFP+ cells ob-
served at day (d)4 for both lines (Fig. 1B). These data indi-
cated that the two Mixl1-GFP ESC reporter lines
differentiated at similar rates, a necessary precondition for
gene profiling experiments seeking to identify changes ingene expression linked to the loss of Mixl1 protein
expression.Comparative transcriptional profiles of differentiating
Mixl1GFP/w and Mixl1GFP/Hygro ESCs
In order to survey the acute effects of loss of Mixl1, the ex-
pression profiles of Mixl1GFP/w and Mixl1GFP/Hygro EBs were
compared between d2 and d6 of differentiation (Fig. 1C).
Prior to microarray analysis, Mixl1GFP/w and Mixl1GFP/Hygro
EBs were analyzed by flow cytometry to ensure that a similar
168 L.A. Pereira et al.percentage of cells expressed GFP in both lines at each time
point (see Fig. S2B in the Supplementary material). Probe
sets displaying a greater than 2-fold difference in signal in-
tensity at each time point were identified. Probe sets for
which the greater signal value was less than 2 times the
array background were excluded. At d2, only 44 genes dif-
fered in expression between the EBs generated from the
two cell lines. Given that this analysis time point antedated
Mixl1 expression, it is likely that these observed differences
reflected minor variability in the kinetics of differentiation.
By d2.8, when 10–13% of cells were GFP+, the number of
genes that differed in expression between the two cell
lines had increased to 122. A similar number of genes differed
between d3 samples (~30% GFP +cells) but at d4 and d6,
encompassing the period over which GFP expression from
both cell lines peaked, 768 and 623 genes respectively differed
in expression levels between heterozygous and Mixl1-null EBs
(Fig. 1C and see Table S2 in the Supplementary material).
Several distinct patterns of expression were observed in
the differentially expressed genes (Fig. 2 and see Fig. S3A
in the Supplementary material). For example, the levels of
transiently expressed genes such as Gsc, Mesp1, Mesp2,Figure 2 Transcript levels of selected genes in samples derived fro
levels of genes whose expression profiles differed between Mixl1GFPCxcr4, Bmper, Tiam2, Cdh11, Phlda and Cbln1 were reduced
in differentiating Mixl1GFP/Hygro ESCs. For a second group of
genes, Dkk1, Gata6, Pdgfrα, Flk1, Pmp22, Hey1, Sema6d,
Rdh11, Frzb and Nrp, reduced transcription at d3 and d4 in
theMixl1-null EBs was followed by a rebound rise in expression
by d6. For a third group of genes, exemplified by Brachyury,
Wnt3a, Fgf8, Dll1, Follistatin, Defcr-rs2 and Lhx1, expression
levels were invariably higher in the differentiating Mixl1GFP/Hygro
ESC line, although the peak values were slightly delayed.
A second differentiation time-course experiment was
performed to validate the differences in expression between
Mixl1 heterozygous and null EBs detected by microarray. Ex-
amination of genes expressed in the primitive streak or in
early mesendoderm by real time PCR analysis confirmed
that transcription of Gsc, Cxcr4, Gata6, Pdgfrα, Lhx1, Nrp,
Tiam2 and Mesp1 was reduced in Mixl1GFP/Hygro ESCs in d3–
d5 EBs (see Fig. S3 and Table S3 in the Supplementary mate-
rial). Expression of Brachyury was increased and prolonged
in differentiating Mixl1GFP/Hygro ESCs, mirroring the results
obtained from microarray analysis. Similarly, we observed
reduced expression of Flk1 and Sema6d in Mixl1GFP/Hygro
ESCs at d3 and d4 and over-expression subsequently.m Mixl1GFP/w and Mixl1GFP/Hygro EBs. Panels show the transcript
/w and Mixl1GFP/Hygro EBs as measured by microarray analysis.
Figure 3 Cell sorting and microarray analysis protocol.
Mixl1GFP/w and Mixl1GFP/Hygro EBs were harvested and cells
flow sorted into GFP+ and GFP− fractions at d2.8 when 10–20%
of the cells were GFP+. Sorted fractions were re-analyzed to
confirm their purity and RNA extracted for microarray analysis.
The quality of the differentiation was validated by analysis of
differentiation markers within the sorted fractions by RT-PCR
for each experiment and the RNA then analyzed by microarray.
Three independent experiments were performed. See also
Fig. S4 in the Supplementary material.
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mesendoderm differentiation of ESCs
We focused on the search for early Mixl1 target genes, hy-
pothesizing that these might be differentially transcribed
in Mixl1GFP/w and Mixl1GFP/Hygro EBs harvested shortly after
the induction of Mixl1 expression. In three independent ex-
periments, Mixl1GFP/w and Mixl1GFP/Hygro ESCs were differ-
entiated until d2.8, cells were flow sorted into GFP+ and
GFP− fractions, re-analyzed for purity and extracted RNA
subjected to microarray analysis (Fig. 3 and see Fig. S4 in
the Supplementary material). RT-PCR analysis confirmed a
high degree of concordance between experiments in the ex-
pression patterns of Oct4, Rex1, Mixl1, Gsc, Bry and Flk1,
which further validated the matching of the samples ana-
lyzed by microarray (see Fig. S4C in the Supplementary
material).
Comparison of the expression profiles of the Mixl1GFP/Hygro
and Mixl1GFP/w cell fractions revealed that, at d2.8, loss of
Mixl1 affected the transcription of only a small number of
genes (Fig. 4A and see Table S4 in the Supplementary materi-
al). In the GFP+ fractions, differences between the lines were
confined to 69–143 genes, while the level of transcription of
an even smaller number of genes was altered in comparison
of the GFP− populations (23–29 genes). Furthermore, the
genes whose expression was lower in the GFP+ fraction of
Mixl1GFP/Hygro EBs (45–119 genes) out numbered those that
displayed increased expression (11–24 genes), consistent
with the hypothesized role of Mixl1 as a transcriptional
activator.
Consistent with the notion that the d2.8 GFP− fraction
comprised cells representing a developmental stage prior
to the onset of Mixl1 expression (since the majority of
these cells would eventually go on to express Mixl1), there
were few reproducible differences in gene expression be-
tween the Mixl1 heterozygous and null cell lines (Fig. 4A
and 4B). Of the 66 genes displaying altered transcription
across all three experiments, only 10 (15%) showed differen-
tial expression in two or more experiments and only 3 (4.5%)
displayed differences in all three experiments (Fig. 4B).
In contrast, for the GFP+ fractions, a larger proportion of
consistent transcriptional differences were seen between
Mixl1GFP/Hygro and Mixl1GFP/w EBs with 75 of 191 differential-
ly expressed genes (39%) altered in two or more experiments
and 42/191 (22%) differing in all three experiments (Fig. 4B).
Examination of these 42 genes revealed that expression of 37
decreased and 5 increased in response to the loss of Mixl1
(Table 1). Eleven genes encoded transmembrane proteins,
9 were transcription factors, 5 genes encoded secreted pro-
teins and the remaining genes produced intracellular pro-
teins with enzymatic functions or proteins involved in
cytoskeletal structure and intracellular signaling. One pre-
diction from this data was that the embryonic expression
patterns of these genes should overlap with that of Mixl1 if
they represent bona fide transcriptional targets. Indeed,
analysis of the published literature revealed that twelve
genes were expressed in the primitive streak and/or meso-
derm (Table 1 and see Table S3 in the Supplementary mate-
rial). For other genes listed in Table 1, expression at early
stages of development had not been evaluated. Thirty-
three genes were differentially expressed in two of thethree experiments (see Table S5 in the Supplementary mate-
rial). In the third experiment, the difference between ex-
pression of these genes in the Mixl1-het and -null lines was
not greater than 2-fold, or the absolute level of gene expres-
sion was low. Examination of the gene list revealed a similar
distribution to that described in Table 1, with a reduction in
the expression of 25 genes including several transcription
factors, secreted growth factors or inhibitors and transmem-
brane proteins.
We focused our subsequent studies on three of the genes
differentially expressed between Mixl1 heterozygous and
null EBs, Flk1, Pdgfrα and Cxcr4, that encoded cell surface
molecules expressed in the primitive streak and/or early
mesoderm and endoderm cell populations (Ataliotis et al.,
1995; Davis et al., 2008; Kataoka et al., 1997; McGrath
et al., 1999; Morrison et al., 2008; Nair and Schilling,
2008; Ng et al., 2005; Takakura et al., 1997; Yusuf et al.,
Figure 4 Comparison of gene expression profiles of GFP+ and
GFP− populations obtained from Mixl1GFP/w and Mixl1GFP/Hygro
differentiating ESCs. (A) Transcripts present in Mixl1GFP/Hygro
populations were compared with those from corresponding
populations of Mixl1GFP/w ESCs. The number of probe sets and
corresponding genes in the Mixl1GFP/Hygro GFP+ and GFP− frac-
tions whose signal intensity changed greater than 2-fold when
compared to Mixl1GFP/w GFP+ and GFP− populations is indicated
(ΔProbe and ΔGene). The number of genes displaying increased
(▴Gene) or decreased (▾Gene) expression is shown. (B) Venn
diagrams showing the numbers of genes differentially expressed
in each of the three independent experiments.
170 L.A. Pereira et al.2005). Flow cytometry of differentiating Mixl1GFP/w and
Mixl1GFP/Hygro EBs revealed that each receptor displayed a
pattern of expression consistent with the results of the mi-
croarray analyses (Fig. 5). Flk1 expression in Mixl1GFP/w EBs
was first detected at d3 with the maximum frequency of
Flk1+ cells observed at d4. However, in Mixl1GFP/Hygro EBs,
the peak frequency of Flk1+ cells was delayed until d5
(Fig. 5A). Similarly, the emergence of Pdgfrα+ cells was
delayed in differentiating Mixl1GFP/Hygro EBs, with the great-
est percentage of expressing cells observed later than the
peak expression in their heterozygote counterparts
(Fig. 5B). Consistent with the results of microarray and PCR
studies, the percentage of Cxcr4+ cells at d4 was reduced
in the Mixl1GFP/Hygro EBs (Fig. 5C). Overall, these data indi-
cate the expression of these markers of mesoderm and endo-
derm development was reduced at both RNA and protein
levels in the absence of Mixl1.Mixl1 binding sequences are located in the promoter
regions of putative target genes
Mix.1 functions as a transcription activator by binding DNA as
a dimer through a P3 consensus site, comprising two palin-
dromic core TAAT sequences separated by 3 nucleotides
(TAATYNRATTA) (Mead et al., 1996; Wilson et al., 1993).Similar sequences are present in frog and mouse Gsc pro-
moters (Danilov et al., 1998; Lim et al., 2009; Zhang et al.,
2009) and mouse Mixl1 can bind as a dimer to recognition se-
quences in which the 3 bp spacer differs (TAATTARATTA)
(Zhang et al., 2009). Because of the reproducible perturba-
tion in RNA and protein expression of Flk1, Pdgfrα and
Cxcr4 in Mixl1GFP/Hygro EBs, we examined promoter se-
quences up to 5 kb upstream of the transcription start site
of each gene, identifying putative Mixl1 binding sites (MBS)
composed of TAAT/ATTA repeat separated by a 3 bp spacer
within the promoter in each case (Fig. 6A).
Gel mobility shift assays demonstrated that purified, re-
combinant His-tagged Mixl1 protein bound to oligonucleo-
tide probes corresponding to the MBS found within the
Cxcr4, Flk1 and Pdgfrα promoters (Figs. 6B and C). The
Mixl1 protein complex formed with each of the MBS contain-
ing promoter sequences was super shifted in the presence of
an anti-Mixl1 antibody (Fig. 6C) and the complex did not
form when mutations were introduced into each half of the
MBS (Fig. 6C and see Fig. S7A and Table S1 in the Supplemen-
tary material). Binding of Mixl1 to the Cxcr4, Flk1 and Pdgfrα
probes was specifically competed by unlabeled probes or by
a P3 consensus probe (see Fig. S7B and Table S1 in the Sup-
plementary material).Mixl1 binds and transactivates the promoters of Flk1
and Pdgfrα
In order to test the ability of Mixl1 to activate the promoters
of Cxcr4, Flk1 and Pdgfrα in vivo, 5′ promoter sequences
from each gene were cloned upstream of a luciferase report-
er and these constructs transfected into C2C12 cells in the
presence of increasing amounts of a plasmid expressing
Mixl1. We included a reporter construct containing a
111 bp Gsc promoter fragment as a positive control (Labbe
et al., 1998; Watabe et al., 1995; Zhang et al., 2009).
Mixl1 activated the promoters of the Gsc, Flk1 and Pdgfrα
genes in a dose dependent manner, with particularly strong
activation of the Gsc and Pdgfrα promoters (Fig. 6D). In con-
trast, levels of induction of the Cxcr4 promoter were low,
suggesting that activation of this gene by Mixl1 required ad-
ditional co-factors or was indirect (Fig. 6D).
We examined whether the DNA binding activity of Mixl1
was required for activation of the Flk1 and Pdgfrα pro-
moters. Previous studies have described mutations within
the homeodomain (HD) of Mix/Bix proteins that abolish
their ability to bind DNA. For example, mutations of the con-
served proline preceding helix 3 in both the frog Mix.1 and
the mouse Mixl1 (M11 mutation) HDs disrupt DNA binding,
as do mutations of a conserved valine within the HDs
of both the zebrafish Mixer (bons9) and the mouse Mixl1
(Kikuchi et al., 2000; Mead et al., 1996; Sahr et al., 2002).
We constructed Mixl1 mutants analogous to the M11
(Pro126Ile) and bons9 (Val132Ala) mutants and we generated
additional mutants that targeted a conserved isoleucine
within helix 2 (Ile113Arg) and a conserved arginine within
helix 3 (Arg143Ile) of the Mixl1 HD (Fig. 7A). Nuclear extracts
were prepared from 293T cells expressing wild type or mu-
tant HD proteins and their ability to bind to a P3 DNA probe
examined in gel shift assays (Mead et al., 1996; Wilson et
al., 1993) (Fig. 7B).
Table 1 Classification of differentially transcribed genes in GFP+ cells sorted from d2.8Mixl1GFP/Hygro andMixl1GFP/w EBs. The average
Signal Log Ratio (Avg SLR) for the three independent experiments is indicated. A negative value indicates that the gene was more highly
expressed in the Mixl1GFP/w EBs, while a positive value identifies genes expressed more highly in Mixl1GFP/Hygro EBs.
Expression group Gene/product Avg SLR
Transcription factor Mixl1 (homeobox protein) a −3.1
Mesp1 (helix-loop-helix protein) a −3.0
Gata6 (zinc finger protein) a −2.7
Mesp2 (helix-loop-helix protein) −2.2
Lhx1 (homeobox protein) a −2.0
Hey1 (helix-loop-helix protein) −1.6
Gsc (homeobox protein) a −1.3
Smad1 (mad-homology domain protein) −1.1
Plagl1 (zinc finger protein) +2.3
Transmembrane protein Cxcr4 (G-protein coupled chemokine receptor) a −3.5
Pdgfrα (tyrosine kinase receptor) a −2.3
Sema6d (semaphorin family receptor) −2.3
Nrp (glycoprotein receptor) −2.2
Pmp22 (tetraspan glycoprotein) −1.9
Flk1 (tyrosine kinase receptor) a −1.6
Dll1 (signaling ligand) a −1.5
Robo1 (receptor for SLIT1 and SLIT2) −1.5
Jag1 (signaling ligand) −1.4
Lifr (leukemia inhibitory factor receptor) −1.4
Cdh11 (glycoprotein adhesion molecule) a −1.1
Intracellular protein Dlc1 (GTPase activating protein) −2.9
Phlda2 (plecksrin homology domain protein) −1.4
Nin (microtubule anchoring protein) −1.3
Secreted protein Bmper (BMP interacting protein) −2.1
Frzb (Wnt signaling regulator) a −2.1
Cbln1 (neuromodulatory protein) −1.8
Dkk1 (Wnt signaling regulator) a −1.7
Fam19a4 (chemokine like protein) +1.9
Enzyme HS3SB (sulfotransferase) −3.1
Ddx3y (RNA helicase) −2.0
Rdh11 (dehydrogenase/reductase) −1.5
Nt5e (nucleotidase family) +1.2
Cyclin-O (DNA glycosylase) +1.3
Nucleotide binding factor Tiam2 (guanine-nucleotide releasing factor) −1.6
Rasgrp3 (guanine-nucleotide releasing factor) −1.6
Eif2s3y (guanine-nucleotide initiation factor) −1.6
Arl4d (guanine-nucleotide binding factor) −1.5
Miscellaneous Similar to envelope fragment FSFF Virus −2.0
LOC225518 b −1.9
Transcribed sequences b −1.9
Cobll1 (novel protein) −1.6
Defcr-rs2 (alpha defensin peptide) +1.6
a Genes shown to be co-expressed with Mixl1 in the primitive streak of mouse embryos.
b Uncharacterized genes.
171Identification of Mixl1 gene targetsThe Pro126Ile and Val132Ala mutants abolished DNA bind-
ing as expected (Sahr et al., 2002) and the new Ile113Arg
and Arg143Ile mutants also displayed reduced DNA binding
activity (Fig. 7B). We tested the ability of Mixl1 HD mutants
to activate the promoters of the Gsc, Flk1 and Pdgfrα genes
in transient transfection assays. Consistent with the results
of the gel shift assays, promoter activation was reduced for
all four Mixl1 HD mutants, confirming that DNA bindingactivity was required for the activation of Flk1 and Pdgfrα
transcription (Fig. 7C and see Fig. S8 in the Supplementary
material).
We examinedwhether Mixl1 bound the endogenous Flk1 and
Pdgfrα gene promoters by chromatin immunoprecipitation
(ChIP) analysis of day 4 differentiated Mixl1GFP/w ESCs using
an anti-Mixl1 antibody (Mossman et al., 2005) and promoter
specific primers (Fig. 7D and see Table S1 in the Supplementary
Figure 5 Flk1, Pdgfrα and Cxcr4 protein expression in differentiating Mixl1GFP/w and Mixl1GFP/Hygro EBs. Timecourse of differenti-
ating Mixl1GFP/w and Mixl1GFP/Hygro cells stained with antibodies detecting (A) Flk1, (B) Pdgfrα and (C) Cxcr4 proteins. The percent-
ages of cells in each quadrant are shown. Cells stained with isotype control antibodies are shown in Fig. S5 in the Supplementary
material. Additional replicates of the Flk1, Pdgfrα and Cxcr4 protein expression time course analysis are shown in Fig. S6 in the Sup-
plementary material.
172 L.A. Pereira et al.material). At this time, ~60–70% of the Mixl1GFP/w cells
expressed Mixl1 protein (data not shown). We examined occu-
pancy of the Gsc promoter as a positive control, given that
Gsc is a direct transcriptional target of Mixl1 (Lim et al., 2009;
Zhang et al., 2009). Quantitative PCR analysis of immunopreci-
pitated chromatin revealed Mixl1 occupancy of the Gsc,
Flk1 and Pdgfrα promoters in Mixl1GFP/w EBs but not in
Mixl1GFP/Hygro null EBs. This result is shown as a ratio of the
PCR signals in the Mixl1GFP/w EBs compared to the signals in
theMixl1GFP/Hygro null EBs (Fig. 7D). These data support the hy-
pothesis that Mixl1 occupies and transactivates the Gsc, Flk1
and Pdgfrα promoters during ESC differentiation.Mixl1 transactivates the Flk 1 and Pdgfrα promoters
through ATTA containing elements
To confirm the hypothesis that Mixl1 activated Flk1 and
Pdgfrα transcription via the MBS within their promoters,
we co-transfected C2C12 cells with Mixl1 expression plas-
mids and wild type or mutated Flk1 and Pdgfrα promoter-
luciferase reporters (Fig. 8A). Although Mixl1 activated the
wild type Flk1 promoter or a mutant in which the first halfsite of the MBS was mutated, no transactivation was ob-
served when both half sites were mutated (Fig. 8A).
Intriguingly, luciferase reporter experiments indicated
that neither half site within the MBS palindrome in the
Pdgfrα promoter was required for transcriptional activation
by Mixl1 (Fig. 8B). Furthermore, Mixl1 transactivation was
observed from a Pdgfrα promoter containing an additional
mutation in a third ATTA element downstream of the MBS,
suggesting that Mixl1 activated transcription from the
Pdgfrα promoter through alternative DNA binding elements
(Fig. 8B).
It has been shown that PDGFRα transcription can be regu-
lated by a 13 bp ATTA containing element (par-ATTA) locat-
ed near the transcription initiation site, which is bound by
the PBX and PRX homeobox transcription factors (Joosten
et al., 2002) (Fig. 8C). We also identified another ATTA ele-
ment (designated up-ATTA) ~30 bp upstream of the par-
ATTA site (Fig. 8C). When either a 1 kb or a 238 bp Pdgfrα
promoter reporter plasmid that included both elements
was transfected into C2C12 cells, reduced Mixl1-mediated
transactivation was observed when either the par-ATTA or
the up-ATTA elements were mutated (Fig. 8D and see Fig.
S9A in the Supplementary material). Finally, gel shift assays
Figure 6 Identification of Mixl1 Binding Sequences (MBS) within the promoter regions of Mixl1 candidate target genes. (A) Se-
quence and position of MBSs within the promoter regions of the Gsc Cxcr4, Flk1 and Pdgfrα genes. The P3 consensus element is
also shown. (B) Cxcr4, Flk1 and Pdgfrα EMSA probe sequences. The MBS elements are underlined. (C) Cxcr4, Flk1 and Pdgfrα EMSA
probe sequences were incubated with purified Mixl1 protein. The Gsc distal element MBS probe was used as a positive control.
Mixl1 protein-DNA complexes were super-shifted by the addition of anti-Mixl1 antibody (M) but not by an isotype control (I). The
black arrowhead indicates the Mixl1-DNA complexes; the white arrowhead shows the super-shifted in the presence of the
anti-Mixl1 antibody; the gray arrowhead indicates free probe. (D) Luciferase reporter assays showing Mixl1 activation of Cxcr4,
Flk1 and Pdgfrα promoter sequences genes. The Gsc promoter was included as a positive control. C2C12 cells were transiently trans-
fected with the reporter constructs and 0, 25 ng or 100 ng of a Mixl1 encoding plasmid and relative luciferase activity measured.
Mean±S.E.M., n=3. p Value for t-test comparing samples transfected with 0 versus 100 ng of Mixl1, pb0.05 for Gsc, Flk1 and Pdgfrα
promoters, pN0.05 for Cxcr4 promoter.
173Identification of Mixl1 gene targetsdemonstrated that Mixl1 protein (Lim et al., 2009) bound to
oligonucleotide probes corresponding to the wild type, but
not mutant, par-ATTA and up-ATTA elements, and that
these complexes were supershifted by anti-Mixl1 antibody
(Mossman et al., 2005) (Fig. 8E). Collectively, these data
support the hypothesis that Mixl1 binds and activates the
Pdgfrα promoter through the non-P3 consensus par-ATTA
and up-ATTA sequences.Discussion
We performed microarray experiments to identify down-
stream transcriptional targets of the primitive streak gene,
Mixl1, by comparing gene expression in differentiating
GFP-tagged Mixl1 heterozygous and Mixl1-null ESC lines.
These reagents enabled the rate and extent of in vitro dif-
ferentiation to be easily monitored, and samples to be close-
ly matched prior to microarray analysis. The genetically
tagged cell lines enabled the isolation of viable GFP expres-
sing cells at early stages of differentiation, where cells tran-
scribing Mixl1 represented only a minor fraction of theoverall cell population. Despite adopting these measures,
only 22% of genes differentially expressed between the
GFP+ cells sorted from Mixl1-heterozygous and -null EBs dis-
played altered transcript levels in all three experiments.
These results highlight the caution with which gene expres-
sion studies must be interpreted when the underlying devel-
opmental process (such as gastrulation) is dynamic and is
associated with rapid changes in gene expression.
Mixl1 and its orthologs have been previously character-
ized as transcriptional activators (Latinkic and Smith, 1999;
Lim et al., 2009; Mead et al., 1996; Pearce and Evans,
1999; Sahr et al., 2002), thus loss of Mixl1 was expected to
result in a decreased activation of target genes. Consistent
with this, our analyses showed that decreases in gene ex-
pression within the Mixl1-null population accounted for
most of the transcriptional changes observed between the
two ESC lines. Also as anticipated, many of the putative
Mixl1 target genes identified are expressed in the primitive
streak during development.
The experiments in this study used a serum-based differ-
entiation protocol that was biased toward mesoderm, pro-
ducing less than 5% endoderm by d5 (Lim et al., 2009).
Figure 7 Mixl1 binds and transactivates the Flk1 and Pdgfrα promoters (A) Schematic showing the location of mutations within the
Mixl1 HD. (B) DNA binding activity of HA-tagged Mixl1 HD mutants. A P3 probe was incubated with nuclear extracts prepared from
293T cells expressing wild type (wt) Mixl1, Mixl1 HD mutants or HA tag alone (HA). wt Mixl1 protein-DNA complexes were super-
shifted by the addition of anti-Mixl1 antibody (M) but not by an isotype control (I). The black arrowhead indicates the position of
Mixl1-DNA complexes; the white arrowhead shows the super-shifted wt Mixl1-DNA complex; the gray arrowhead indicates the free
probe. NS indicates non-specific complexes. The inset shows Western blot analysis of nuclear extracts confirming the expression of
HA-tagged Mixl1 HD mutants in 293T transfected cells. Mixl1 expression was not detected in cells transfected with HA tag alone
(HA). Mixl1 protein was detected using anti-HA antibody and blots were probed with anti-β-actin antibody to indicate protein loading.
(C) Luciferase reporter assays showing the effect of the HD mutations on the transactivation of Mixl1 on the Gsc, Flk1 and Pdgfrα pro-
moters in C2C12 cells. Mean±S.E.M., n=3. p Value for t-test comparing wt versus Mixl1 mutants, *pb0.05 for Gsc, Flk1 and Pdgfrα
promoters. (D) ChIP analysis from d4 Mixl1GFP/w and Mixl1GFP/Hygro EBs utilizing the anti-Mixl1 antibody. The histogram depicts the
fold enrichment of PCR-amplified immunoprecipitated DNA from Mixl1GFP/w cells relative to the background signal obtained using
DNA from Mixl1GFP/Hygro cells (mean±S.D.). As a negative control, the ratio of signals to an intronic region of the Endoglin gene
(Eng-4) did not shown enrichment for DNA immunoprecipitated from Mixl1GFP/w EBs. Results are representative of two independent
experiments performed.
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the endoderm-associated genes Gsc, Gata6 and Cxcr4 in
the absence of Mixl1. Furthermore, if we relaxed the strin-
gency of the selection criteria by including genes that were
previously discounted because their expression levels in
one of the three experiments was lower than our designated
threshold value, other endoderm-associated genes such as
Sox17, Gata4 and Cerberus also appeared to be down-
regulated in Mixl1 null cells (Supplementary Fig. S5). This
finding is consistent with prior studies suggesting these
genes can be induced by ectopic expression of mouse oravian Mix related genes during ESC differentiation (Lim
et al., 2009; Shiraki et al., 2005) Indeed, our previous work
showed that the Sox17 promoter is Mixl1 responsive (Lim
et al., 2009), adding further support to the idea that this
gene is a Mixl1 target involved in endoderm specification.
In contrast, the commonly used endodermal marker FoxA2
was not differentially expressed in our current study, nor
have we found it to be responsive to Mixl1 in reporter gene
assay experiments (Lim et al., 2009). This might suggest
that, although Mixl1 plays a critical role in establishing en-
dodermal differentiation, it is dispensable for some aspects
175Identification of Mixl1 gene targetsof the overall endoderm program. This additional complexity
is also highlighted by the observation that Cxcr4 and Cerber-
us showed reduced expression in Mixl1 null ES cells yet their
promoters were not responsive toMixl1 in reporter assays. In
this regard, future studies that examine promoter occupan-
cy by Mixl1 will be critical in distinguishing true direct target
genes from those that form part of the Mixl1 dependent reg-
ulatory gene network. Notwithstanding the caveats raised
above, our data suggests that, as predicted (46), expression
of endoderm associated genes is also perturbed during the
differentiation of Mixl1 null ESCs.Figure 8 Mixl1 transactivates the Flk1 and Pdgfrα promoters th
transfected with reporter constructs containing wt or MBS mutant
0 or 100 ng of a Mixl1 encoding plasmid and relative luciferase activi
ing samples transfected with wt versus mutant Mixl1 binding sites for
of the −1 kb and −238 bp Pdgfrα promoter-luciferase constructs. Th
ments are indicated. (D) Luciferase reporter assays showing Mixl1 act
moter sequences. Mean±S.E.M., n=3. p Value for t-test comparing s
Pdgfrα −238 bp pb0.05 for wt versus mut4 and for Pdgfrα −1 kb pb0
ATTA and par-ATTA sequence elements. Left panel; Wild type (wt)
Table S1 in the Supplementary material) were incubated with pur
were super-shifted by the addition of anti-Mixl1 antibody (M) but
the position of Mixl1-DNA complexes; white arrowheads show the co
head indicates the free (F) probe.One gene whose transcription was up-regulated inMixl1-null
cells was the T-box factor, Brachyury (Wilkinson et al., 1990).
This result is consistent with prior analysis ofMixl1-null animals,
which express high levels of Brachyury associated with an ex-
panded primitive streak (Hart et al., 2002). In the ESC system,
up regulation of Brachyury in differentiating Mixl1-null EBs oc-
curred in associationwith reducedGsc expression. This relation-
ship betweenMixl1, Brachyury and Gsc could be explained by a
regulatory chain involving all three transcription factors
(Latinkic and Smith, 1999). Such a model was first postulated
to explain results from studies in Xenopus that showed Mix.1rough ATTA containing elements. C2C12 cells were transiently
genomic fragments from the (A) Flk1 and (B) Pdgfrα gene and
ty was measured. Mean±S.E.M., n=3. p Value for t-test compar-
Flk1 gene, pb0.02 for wt vs mut2. (C) Schematic representation
e sequence and position of the MBS, up-ATTA and par-ATTA ele-
ivation on wt, mutant up-ATTA and mutant par-ATTA Pdgfrα pro-
amples transfected with wt versus mutant Mixl1 binding sites for
.05 for wt versus mut4 and mut5. (E) Mixl1 binding activity of up-
and mutant (Mu) up-ATTA and par-ATTA probe sequences (see
ified Mixl1 protein. Right panel; Mixl1 protein-DNA complexes
not with an isotype control (I). The black arrowheads indicate
mplex super-shifted by the anti-Mixl1 antibody; the gray arrow-
176 L.A. Pereira et al.activated the transcriptional repressor, xGsc, which in turn re-
pressed Xbra (Artinger et al., 1997; Latinkic and Smith, 1999).
In themouse, this regulatory networkmay involve Mixl1 binding
and transactivating theGsc promoter via P3 consensus elements
(Danilov et al., 1998; Lim et al., 2009; Watabe et al., 1995;
Zhang et al., 2009). Collectively, these results suggest that
mouse Mixl1 acts in a similar manner to Mix.1, with the in-
creased level of Brachyury transcription observed in the Mixl1-
null cells resulting from the loss of Gscmediated repression.
In vivo, a striking phenotypic consequence resulting from
loss of Mixl1 is the accumulation of mesendodermal cells
within the primitive streak of Mixl1-null embryos (Hart et
al., 2002). In this context, it is noteworthy that a number
of the putative Mixl1 target genes identified in this study
play a role in cell migration and adhesion. For example,
mesendodermal cells from Mesp1 deficient embryos dis-
played a delayed migration out of the primitive streak
whist loss of Lhx1 resulted in abnormal cell movements dur-
ing gastrulation (Hukriede et al., 2003; Saga et al., 1999;
Tam et al., 2004). Cdh11, which belongs to a family of Ca2+
dependent cell adhesion molecules, is involved in specific
cell–cell interactions during early embryogenesis (Kimura
et al., 1995; Kimura et al., 1996).
The three candidate Mixl1-target genes that we studied
in more detail – Cxcr4, Flk1, and Pdgfrα – have also been as-
sociated with cell migration or adhesion. Cxcr4 forms a re-
ceptor–ligand pair with Cxcl12 (Sdf1), a lymphocyte
chemotactic factor belonging to the Cxc chemokine family.
In the gastrulating mouse embryo, this ligand–receptor pair
displayed complementary expression patterns, with Cxcl12
expression confined to ectoderm while Cxcr4 was predomi-
nantly expressed in cells migrating through the primitive
streak to form mesoderm and definitive endoderm (McGrath
et al., 1999). In the adult, Cxcl12 expression on bone
marrow stromal cells promoted the homing and retention
of Cxcr4+ hematopoietic stem cells (Nagasawa et al.,
1996). Similarly, Flk1 mediates VEGF-dependent migration
during development (Shalaby et al., 1997; Shay-Salit et al.,
2002; Shibuya, 2003; Zeng et al., 2001). Studies in Xenopus
showed that mutations in the kinase domain of Pdgfrα led
to abnormal spreading of mesodermal cells and over-
expression of a dominant negative Pdgfrα led to the forma-
tion of embryos with a range of defects caused by abnormal-
ities in cell migration (Ataliotis et al., 1995; Symes and
Mercola, 1996). Finally, some of the complex cranial defects
observed in Pdgfrα null mice have been attributed to abnor-
mal migration in neural crest cells (Soriano, 1997).
The observation that transcription of Flk1, Pdgfrα and
Cxcr4 decreased in d2.8 Mixl1-null EBs, just after the onset
of GFP transcription from the Mixl1 locus, and that each
gene promoter contained a MBS that could bind Mixl1 protein,
strongly supported the notion that they were transcriptional
targets of Mixl1. Furthermore, for the Flk1 and Pdgfrα genes,
transient transfection experiments indicated that their pro-
moter sequences were activated in response to Mixl1 and
that this response is dependent upon Mixl1 DNA binding.
These data coupled with ChIP analyses showing in vivo occu-
pancy of Mixl1 on the Flk1 and Pdgfrα promoters, affirms the
regulatory link between these genes.
Previous analyses have shown that Mixl1, like other Mix/Bix
family members, binds DNA through a MBS, made up of two pal-
indromic TAAT sequences separated by 3 nucleotides (Danilovet al., 1998; Lim et al., 2009; Mead et al., 1996; Wilson et al.,
1993; Zhang et al., 2009). Consistent with these findings, we
observed that Mixl1 bound and transactivated the Flk1 promot-
er via its MBS. However, our analysis of the Pdgfrα promoter
suggested that Mixl1 can also function through divergent ATTA
containing sequences including the up-ATTA element identified
in this study and the previously described par-ATTA element
(Joosten et al., 2002). This variation in the composition of
Mixl1 target sequencesmight reflect low or high affinity binding
sites that could potentially modulate the transcriptional activi-
ty of Mixl1. In addition, paired class homeodomain proteins
can form heterodimers on their target sequences (Tucker and
Wisdom, 1999). Therefore divergent Mixl1 binding sequences
may enable heterodimerization of Mixl1 with other co-
expressed paired class homeodomains that modulate its DNA
binding and transcriptional activity. Indeed, Xenopus Mix.1
has been shown to form a co-operative heterodimer with Gsc
on a P3 recognition sequence (Mead et al., 1996; Wilson
et al., 1993).
In summary, our studies have identified a compendium of
candidate Mixl1 target genes that provides a resource for
further functional studies aimed at dissecting the molecular
role of the Mixl1 gene during gastrulation. The observation
that three of these potential candidates have been associat-
ed with mesoderm (Pdgfrα, Cxcr4 and Flk1) and endoderm
(Cxcr4) development confirms the position of Mixl1 as a
key player orchestrating the transcriptional networks that
regulate mesendoderm formation.
Materials and methods
Plasmids
The pMT2-HAmMixl1 expression plasmidwas created by cloning
PCR fragments generated from Mixl1 cDNA into the SalI and
EcoRI sites of pMT2-SM HA. Site directed mutagenesis of Mixl1
was performed using the Quikchange II site-directedmutagene-
sis system (Stratagene) according to themanufacturer's instruc-
tions. Oligonucleotide primer pairs used for mutagenesis are
provided in Table S1 in the Supplementary material.
ESC culture and generation of targeted ESC lines
Mouse ESCs were maintained in fetal calf serum containing
media and differentiated as EBs as described (Barnett and
Kontgen, 2001; Ng et al., 2005). ESCs containing sequences
encoding GFP inserted at the Mixl1 locus (Mixl1GFP/w) have
been described (Hart et al., 2002; Ng et al., 2005). The
Mixl1-null ESC line (Mixl1GFP/Hygro) was created by targeting
a hygromycin resistance cassette to the wild type allele of
Mixl1GFP/w ESCs. Correctly targeted clones were identified
using PCR analysis and Southern blotting (Hart et al., 2002;
Ng et al., 2005).
Flow cytometry
EBs were harvested and single cell suspensions were incubat-
ed with primary antibodies directed against Flk1 (BD Phar-
mingen™) and Pdgfrα (BD Pharmingen™) and detected using
an APC-conjugated goat anti-rat IgG antibody (BD
177Identification of Mixl1 gene targetsPharmingen™) (Ng et al., 2005). Cxcr4 was detected with a
Phycoerythrin (PE)-conjugated rat anti-mouse Cxcr4 anti-
body (BD Pharmingen™). Unconjugated rat IgG isotype con-
trols were used (BD Pharmingen™) and detected with APC
(BD Pharmingen™) or PE conjugated (BD Pharmingen™) sec-
ondary antibodies. Flow cytometry was performed using a
FACSCalibur running CellQuest software (Becton Dickinson).
EBs were disaggregated with trypsin and approximately
1×106 GFP+ and GFP− cells isolated using a FACSVantage
SE flow cytometer running FACSDiva software (BD
Biosciences).
Microarray analysis
Gene profiling experiments were performed as described
(Hirst et al., 2006). Affymetrix® array analysis was carried
out by the Australian Genome Research Facility using the
GeneChip® Mouse Genome 430 2.0 array. The array com-
prised 45,101 probe sets that examined the expression of
over 39,000 transcripts, including 34,000 characterized
mouse genes. The Image Data files generated from these ar-
rays were analyzed using the Affymetrix® GeneChip® Oper-
ating Software (GCOS). Primary data is available through
(http://www.ebi.ac.uk/arrayexpress/) via Accession num-
ber E-MEXP-1976. The results of comparisons of transcript
levels carried out using GCOS were expressed as a Signal
Log Ratio (SLR). These data represent the fold change in
the expression level of a transcript between two comparison
groups. An SLR of 1 is equal to a 2-fold change in the level of
expression for a given transcript.
Gene expression analysis
RNA preparation and RT-PCR gene expression analysis of dif-
ferentiating ESCs was performed as described (Ng et al.,
2005; Robb et al., 2000). Oligonucleotide primer pairs used
for detection of GFP transcripts are provided in Table S1
in the Supplementary material. For real time Q-PCR, cDNA
synthesis was carried out with the SuperScript III First-
Strand Synthesis kit (Invitrogen) using random hexamers.
Quantification studies using TaqMan® Gene Expression
Assays were carried out with the following TaqMan® Gene
Expression Assay Mixes: Brachyury (Mm00436877_m1);
Cxcr4 (Mm99999055_m1); Flk1 (Mm00440099_m1); Gapdh
(Mm99999915_g1); Gata6 (Mm00802636_m1); Gsc
(Mm00650681_g1); Lhx1 (Mm00521776_m1); Mesp1
(Mm00801883_g1); Mixl1 (Mm00489085_m1); Nrp
(Mm00435372_m1); Pdgfrα (Mm00440701_m1); Sema6d
(Mm00553142_m1); Tiam2 (Mm00496285_m1). For each set
of gene specific primers, the signal was compared to that
obtained with Gapdh and the results expressed as a relative
gene expression (Pick et al., 2007). A 7500 Real Time
PCR System machine (Applied BioSystems) and 7500 System
Software was used.
Luciferase assays
Transfections were performed with C2C12 cells using
FuGENE 6 reagent (Lim et al., 2009). pGL3 reporter con-
structs contained the luciferase gene linked to genomic frag-
ments from Gsc (111 bp), Flk1 (1.5 kbp), Cxcr4 (1 kb) orPdgfrα (1081 bp and 238 bp). Genomic fragments repre-
sented sequences of the specified length immediately up-
stream from the transcription start site or in the case of
the Gsc promoter nts −574 to −463 relative to the transcrip-
tion start site (Labbe et al., 1998; Watabe et al., 1995).
These were co-transfected with pMT2-HA mMixl1 as indicat-
ed in the figure legends. Transfection of phRTKluc (Renilla)
served as a transfection control. At 48 h post-transfection
cells were lysed and assayed for luciferase activity (Lim
et al., 2009). Site directed mutagenesis of the Flk1 and
Pdgfrα promoters was performed using the Gene Tailor site
directed mutagenesis system (Invitrogen). Oligonucleotide
primer pairs used for mutagenesis are provided in Table S1
in the Supplementary material.
Gel mobility shift assays and Western blot analysis
Gel shift assays were performed with 5000 cpm of 32P-labeled
DNA probes and 50 ng purified His-Mixl1 protein as described
(Lim et al., 2009). For supershift analyses, 2 μg of anti-Mixl1
6G2 antibody (Mossman et al., 2005) was used. For competition
assays, His-Mixl1 was incubated with 100-fold molar excess of
unlabeled DNA oligonucleotide for 10 min prior to the addition
of 32P-labeled probe. For analysis of HA-Mixl1 HD mutants,
293T cells were transfected with pMT2-SM HA wt or mutant
mMixl1 vectors and nuclear extracts prepared as described
(Dale et al., 1989). Nuclear extracts were dialyzed against
ELB150 buffer and 2 μL of extract used per reaction. Oligonucle-
otide probe sequences used for mutation and competition ana-
lyses are shown in Figs. 6–8 and Fig. S9 and Table S1 in the
Supplementary material. Western blotting using anti-Mixl1 an-
tibodies was performed as described (Mossman et al., 2005).
Chromatin immunoprecipitation (ChIP)
Proteins were cross-linked to DNA using 1% formaldehyde and
cells lysed (Aparicio et al., 2005; Pimanda et al., 2006). Chro-
matin was fragmented using a Bioruptor sonicator (Diagenode
SA). Immunoprecipitates were produced using anti-Mixl1 6G2
antibody (Mossman et al., 2005). DNA from protein-
associated complexes and corresponding input samples was
recovered using the QIAquick PCR purification kit (Qiagen)
and assayed by SYBR-green real time PCR in duplicate under
standard conditions. Results were quantified by SYBR Green
real time PCR analysis (Stratagene), and the fold enrichment
in signals obtained from immunoprecipitated samples in
Mixl1GFP/w heterozygous cells was expressed relative to
those obtained from the Mixl1GFP/Hygro nullizygous line. Oligo-
nucleotide primer pairs used for ChIP are provided in Table S1
in the Supplementary material.
Supplementary materials related to this article can be
found online at doi:10.1016/j.scr.2011.09.007.
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